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Introduction
The Earth receives an enormous amount of incoming solar radiation generated by fusion reaction in the sun, which is expected to remain stable for the next 4 billion years [1, 2] . Therefore, solar energy is the most plentiful resource for energy supply. Photovoltaic (PV) solar cells, concentrating solar power (CSP) systems, solar thermoelectric generators as well as photoelectrochemical water splitting systems harvest solar energy for electricity or fuel [3] [4] [5] [6] [7] [8] .
CSP system uses heliostat mirror arrays to concentrate sunlight to the spectrally selective coating (SSC) layer on the solar receiver structure (such as a corrosion-resistant Inconel alloy tube) to heat up a heat transfer fluid inside (e.g., a molten salt), which is then transported to create high-pressure steam and utilized to drive a steam-turbine-type heat engine to generate electricity. The CSP system is already commercialized with a multi-gigawatt level power generations, with a fast industrial growth in progress, especially with a recent recognition of CSP's advantage of potentially inexpensive energy storage (e.g., by using molten salt reservoir), which can be quite useful and beneficial for control of energy distribution in energy grid systems [4] .
Among many approaches to increase the efficiency of solar-based energy conversion devices, nanowire (NW) structures have been used for enhanced light absorption and charge separation, such as demonstrated in Si micro-nanowires for PV solar cells [9] [10] [11] [12] and copper oxide NWs for photoelectrochemical water splitting systems [13, 14] . For CSP type solar thermal applications, Si NWs is not suitable because the band gap of Si (1.12 eV at 300 K [15] )
is not sufficiently low to absorb near-infrared (IR) sunlight spectrum and pure Si can be easily oxidized when exposed to air at high temperature. For instance, ~45 nm of silicon oxide will grow on Si when it is annealed at 700 o C for 100 h under dry oxygen atmosphere [16] and Si nanoparticle has been reported to increase its weight by ~15 wt% through the oxidation at 750 o C for 2 h in dry oxygen [17] . In this regard, copper oxide (CuO) is a better candidate material because it is already oxidized into a stable oxide form and should be resistant to oxidation in air.
For highly efficient CSP system, it is desirable for the SSC layer to absorb as much sunlight as possible with high absorption and low sunlight reflectivity in the visible and near-IR spectrum range. The wavelength regime of interest for CSP solar energy absorption includes the visible spectrum range (<~700 nm) and near IR spectrum range (~700 nm -1.6 um). Based on our measurements, copper oxide NWs exhibit relatively high sunlight reflection characteristics in near-IR spectrum, even though the reflection in visible spectrum is quite low. Copper oxide (CuO) has been reported to have band gap of 1.2-1.4 eV which corresponds to the absorption from the wavelength of 890-1030 nm [18] [19] . This optical property of CuO results in high reflectance of near-IR spectrum longer than 890-1030 nm. Therefore, it is necessary to combine another near-IR absorbing material layer with copper oxide NWs structure, which could then enable efficient sunlight absorption over a broader spectrum range.
As a desirable material to absorb near-IR spectrum, semiconducting metal oxides with small band gap can be utilized. For example, one phase of cobalt oxide, Co 3 O 4 , has absorption bands at several spectrum ranges including 0.82-0.85 eV (~1500 nm), 0.93-1.03 eV (1340-1200 nm), 1.5-2.07 eV (850-700 nm) and 1.88-3.1 eV (660-400 nm) [20] [21] [22] [23] [24] which means Co 3 O 4 can become a candidate to increase the absorption of near-IR spectrum when combined with copper oxide NWs structure. We have introduced a hybrid structure containing both Co 3 O 4 and Cu oxide NWs so as to broaden the absorbed spectrum range of sunlight. Such a 'tandem structure' approach has also been used in PV solar cells to absorb different spectrum ranges using a combination of materials or different sized quantum dots having different band gaps [25] [26] [27] , however, such an approach has not been investigated much in the case of CSP solar absorber materials.
In this work, new tandem structures of SSC layer having copper oxide NWs and cobalt oxide (Co 3 O 4 ) NPs have been prepared by scalable spray-coating or dip-coating type processes.
Our results indicate that this tandem structure of SSC layers significantly increase the absorption of sunlight, which is expected to improve the energy conversion efficiency of solar thermal systems such as CSP and solar thermoelectric generation systems.
Materials and methods

Thermal growth of copper oxide nanowires
Thermal growth of copper oxide nanowires (NWs) was made by annealing copper foil in air atmosphere [13] [14] . As a pretreatment procedure, the purchased copper foil (Alfa Aesar, 50 µm thick) was cleaned with hexane, acetone, isopropyl alcohol and distilled water, followed by drying with air blowing. The copper foil was heated with a rate of 20 
Hydrothermal synthesis of cobalt oxide nanoparticles
A two-step synthesis method was used to produce cobalt oxide (Co 3 O 4 ) nanoparticles (NPs), with the first step of precipitation into cobalt hydroxide and the second step of hydrothermal synthesis to make cobalt oxide NPs. The precursor cobalt chloride (CoCl 2 ·6H 2 O) was purchased After the synthesis, the remaining precursor solution and reaction byproducts were removed with repeated washing in distilled water followed by centrifuging, after which freezedrying for 1 day was employed to dry the cobalt oxide nanoparticles. NPs was analyzed by SEM microscopy and XRD as shown in Figure 1 (b) and Figure 2 (b).
Designs of SSC layers to increase optical absorption
Based on the evaluation of optical reflectance of CuO NWs alone and that of Co 3 O 4 NPs alone (see Figure 6 (a)), it is seen that copper oxide nanowires (NWs) can absorb a large amount of visible spectrum. By contrast, the coated layer of Co 3 O 4 nanoparticles (NPs) exhibits a much higher optical reflectance in the visible range than CuO NWs, but shows an advantage of absorbing more near-IR spectrum than the CuO NWs. Therefore, a combined tandem structure of copper oxide NWs and cobalt oxide NPs was devised to take advantage of both materials unique characteristics and achieve higher absorption of sunlight in both near-IR and visible spectrum.
The SEM micrograph of Figure 6 
where R(λ) is the spectral reflectivity, I(λ) is the spectral solar irradiance per square meter as defined by the reference solar spectral irradiation(ASTM G173), B(λ,T) is the spectral thermal emission of a black body at temperature T, and C is the concentration ratio. For large concentration ratio of mirror-focused sunlight such as solar power tower type CSP generator systems, the optical absorption (related to optical reflectance properties) is the dominant factor.
XRD, TEM, EDX and SEM analysis
X-ray diffraction (XRD) analysis was carried out to investigate the crystal structure of copper oxide nanowires (NWs) and cobalt oxide nanoparticles (NPs). Copper oxide NWs were The copper oxide phases existing at different positions in the cross-sectional area of copper oxide NW structure were analyzed using energy-dispersive X-ray spectroscopy (EDX) installed with scanning electron microscopy (SEM) (Oxford), with an acceleration voltage of 10 kV. The structures of copper oxide NWs, cobalt oxide NPs, and the combined tandem structured SSC layers were imaged by SEM.
Results and discussion
Characterization of copper oxide NWs and cobalt oxide NPs
The XRD analysis indicates that the scraped-off copper oxide nanowires (NWs) two crystal phases including CuO phase and Cu 2 O phase (* mark) as shown in Figure 2 (a). For CuO crystal structure, two main planes of ( 11 ) and (111) , respectively in primitive cubic system [29] . CuO phase can come from the crystal structure of nanowires and Cu 2 O phase in XRD analysis can originate from the material in the copper oxide bottom layer from which the copper oxide NWs grow. Because the some chunks of bottom layer can be taken out together with nanowires during the strong scraping during the razor blade removal process.
In addition to the previous research on CuO NWs [13] , our TEM and EDX analysis also confirm that the copper oxide nanowire is composed of only CuO crystal phase with band gap of 1.2-1.4 eV while the bottom layer copper oxide (from which the CuO nanowires grow) contains CuO in the upper portion of the layer while some Cu 2 O phase is present in the lower part of the bottom oxide layer. The Cu 2 O phase is known to be a larger band gap copper oxide with 2.17 eV [18] [19] . The crystal structure of a single copper oxide nanowire is shown in the inset of the TEM image in Figure 3(a) . The FFT pattern in Figure 3 The SEM image in Figure 1(a) shows that the copper oxide NWs are longer than 5 µm in length and have 100-200 nm in diameter as can be seen more clearly in an inset image in Figure   1 (a). The spacing between adjacent nanowires appears to be roughly 500 nm to 2 um. The aspect ratio of nanowires is higher than ~25, which is believed to be beneficial for higher absorption efficiency due to light trapping effect [9] [10] [11] [12] . The SEM image in Figure 1 
Tandem structured SSC layer by dip-coating
Comparison of optical reflectance and FOM among different SSC layers, shown in Figure 7 (a), indicates that the optical reflectance properties are sensitive to the SSC layer structures and how they are produced. As compared to the rapid spray-coated structures, a slower process of dipcoating allows the cobalt oxide nanoparticles (NPs) to penetrate deeper into the spaces between copper oxide nanowires (NWs) having a relatively small spacing of ~500 nm to 2 um between adjacent nanowires. In addition, cobalt oxide NPs can also be entangled with copper oxide NWs, which may enable the formation of multi-scaled structures composed of the combination of microscale and nanoscale structures of nanowires and nanoparticles, as observed in Figure 7 (c-1)-(d-2). The presence of some pore structures may also contribute to enhanced sunlight absorption. In order to make cobalt oxide NPs to infiltrate into copper oxide NW structures more efficiently, a cycle of vacuum suction/venting process is devised for the dip-coating process. The vacuum is not a high vacuum but a typical, mechanical pump type of low vacuum was sufficient.
The vacuum process extracts and removes most of entrapped air from copper oxide NWs structure, and this process causes the cobalt oxide NPs in solution to be sucked into the spaces that the air pocket previously occupied. Subsequent venting step allows the air to come in which generates such a large pressure difference between vacuum state and atmospheric pressure that cobalt oxide NP solution is pushed and driven into the interspace of aligned copper oxide NWs.
Repeated vacuum/vent processes further improves the formation of tandem mixed structure and the sunlight absorption and the FOM properties are accordingly also improved as will be discussed later.
It is seen that without using the vacuum/venting process, the cobalt oxide NPs hardly get into the inter-nanowire spacing, as can be seen in Figure 7 (b) but instead cover up the surface of the CuO nanowire structure as an almost continuous particle layer. Copper oxide NWs are rarely seen to protrude out of the cobalt oxide NP layer, except a few NWs which has very little affect on optical properties of SSC layers. As expected, the optical reflectance data of this monotonous structure shows a similar reflectance behavior to that of the SSC layer fabricated with cobalt oxide NPs only (Figure 7(a) ) and the FOM value of this structure is only 0.842 which is not high enough to absorb sufficient solar energy. This dip-coated sample without using vac./venting procedure produces a structure covered mostly with Co 3 O 4 particles, with very few number of CuO nanowires protruding (Fig. 7(b) ), so it is essentially Co 3 O 4 particle surface. The spraycoating method to produce the Co 3 O 4 particle SSC layer tends to have a high porosity and roughness as represented in Figure S2 . Therefore, the Co 3 O 4 layer of Figure S2 produces a slightly lower reflectance in the visible spectrum range.
The vacuum/venting process was utilized to make further advanced dip-coating structures with the concentrated solution of 18 wt%. After placing the copper oxide NW sample into cobalt oxide NP solution, the vacuum is made for 20 sec followed by a fast venting process with air, which may cause some interesting mechanical disturbance on the coating structure. As shown in In more details, a top side of this sample displays a spire-like roof layer of cobalt oxide NPs in Figure 7 (a) demonstrates that this 3-dimensionally entangled tripod-like structure can decrease the reflectance in both visible and near-IR spectrum regime and obtain a higher FOM value of 0.876, compared to the sample made by a continuous dipping (Figure 7(b) ).
To better control the degree of entangling of copper oxide NWs and agglomeration of cobalt oxide NPs, the dip-coating solution was diluted to 6 wt%, that is, 1/3 of initial concentration, as the third approach. This third dip-coating method also uses the procedure of vacuum/venting, but due to the reduced solid concentration of nanoparticles and the binder resin, the insertion of the nanoparticles into the nanowire spacing gets easier. From the top view surface image (Figure 7(d-1) ) and a tilted view (Figure 7(d-2) ), the occupied area by a spire-like top layer of cobalt oxide NPs is diminished (Figure 7(d-1) ) and micro-cone structure of cobalt oxide NPs is formed (see the inset of Figure 7(d-2) ) instead of the tripod-like structure observed in Figure 7(c-2) . The dip-coating with a diluted solution of 6 wt% essentially maintains the nanowire structure of copper oxide after the dip-coating of cobalt oxide NPs so that a more or less uniform multi-scaled micro-nano structure can be made, which can be more effective in absorbing sunlight in both visible spectrum and near-IR spectrum.
Optical reflectance measurements in Figure 7 (a) shows that this multi-scaled tandem structure (Figure 7(d-1) and (d-2) ) coated with the diluted solution of 6 wt% exhibits much lower reflectance in visible spectrum and similarly reduced reflectance in near-IR spectrum range, compared to the entangled tripod-like structure (Figure 7(c-1) and (c-2) ) made of cobalt oxide solution with higher concentration of 18 wt%. The FOM value of this structure increases up to 0.892 which is much higher than the structure of Figure 7 Figure 7(a) ). This behavior of reflectance increasing steeply from 1.55 um will be useful for the CSP or other solar thermal application which needs to have cut-off wavelength around 1.55 µm in order to reduce the emission loss of infrared spectrum. For instance, in the parabolic trough type concentrated solar power systems, the cut-off wavelength of 1.5 um is helpful to increase FOM value by diminishing the amount of IR emission at 700 o C [4] .
To optimize the procedure of vacuum/venting cycle, the dip-coating is also made with 3 cycles of vacuum/venting by which more cobalt oxide NP material is pushed into the CuO NW structure so that an increased amount of cobalt oxide layer is expected to be deposited onto the bottom of CuO NW structure. The inset image of Figure 8(a) shows that the bottom of copper oxide NWs is covered with cobalt oxide NPs. Repeated vacuum/vent processes further improves the formation of tandem mixed structure with more cobalt oxide NPs deposited, with the sunlight absorption and the FOM properties accordingly improved. For example, 3 cycles of vacuum/venting process for dip-coating with the diluted solution of 6 wt% forms a somewhat larger area of a spire-like roof layer of cobalt oxide NPs (Figure 8(a) ), compared to the structure made with just 1 cycle of vacuum/venting procedure (Figure 7(d-1) ). From tilted images in Figure 8(b) , it can be observed that cobalt oxide NPs form micro-cone structure similar to the structure in the inset image of Figure 7(d-2) .
Optical reflectance measurement in Figure 9 indicates that the 3 cycle procedure slightly increases the reflectance of visible spectrum but noticeably decreases the reflectance of near-IR as well as short wavelength IR spectrum. The small increase of reflectance in the visible spectrum results from the diminished nanowire structure of copper oxide caused by the addition of more nanoparticles and wider spire-like roof area of cobalt oxide NPs. The thicker cobalt oxide layer which can be expected by 3 repetition cycles absorbs a larger amount of sunlight near-IR spectrum (1.6-2.0 µm) to result in the decreased reflectance in that wavelength regime.
In the near-IR spectrum range, shorter near-IR (0.8-1.6 µm) is more important to a solar absorber due to its higher energy than longer near-IR (above 1.6 µm). The SSC layer made by 3 cycles of vacuum/vent processing has FOM value of 0.891 which is very similar to that (0.892) of SSC layer by 1 cycle dip-coating.
For a contrast experiment, a SSC layer was fabricated using the mixture solution (1/1 w/w) of Co 3 O 4 particles and CuO nanowires which were scraped off from the copper foil. Using the same condition and ball-mixing procedure as the previous Co 3 O 4 layer, the mixture solution was spray-coated on Inconel substrate and the reflectance of the sample was measured. Figure S3 indicates that the reflectance of the mixture sample is much higher in all spectrum range than the dip-coated SSC layer made with 6 wt% and vac./venting procedure. One possible reason for such a behavior is that the nanowires can be inadvertently shortened much during the ball-mixing process, thus the SSC layer has no structure advantage on entrapping sunlight, compared to SSC layer of vertically standing nanowires. It is expected that pure copper oxide NWs layer without cobalt oxide NPs is able to absorb more visible spectrum while the cobalt oxide NPs layer under copper oxide NW layer can absorb the near-IR spectrum transmitted through the copper oxide NW layer positioned above the nanoparticle layer, as explained in the aforementioned concept section ( Figure 5 ).
The reflectance of visible spectrum is similarly as low as the pure copper oxide NW sample, but the reflectance of near-IR spectrum is not decreased as low as pure cobalt oxide layers, as shown in Figure 11 . The data in Figure 11 indicates that the reflectance value in the shorter near-IR spectrum for the SSC layer fabricated by transferring the CuO NW layer is higher than that for the SSC layer of pure cobalt oxide NPs and lower than that for the SSC layer of pure copper oxide NWs, as well as SSC layer made by the spray-coating. Copper oxide NWs may reflect near-IR spectrum partially before it is transmitted to the bottom layer of Co 3 O 4 NPs. Table 1 shows FOM values of the representative SSC layers including SSC layer fabricated by the transfer method. The tandem SSC layer by transferring has FOM value of 0.886 which is much higher than that of pure copper oxide NWs, pure cobalt oxide NPs and spray-coated SSC layers, but lower than that of efficiently dip-coated SSC layer. 
Conclusion
